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As-extruded Mg–5Sn–1Zn–xAl alloys (x¼1, 3, and 5) were fabricated by hot extrusion. The experimental results revealed that the yield
strength of alloys initially decreased and then increased with the increase of Al content. These changes were mainly attributed to the difference in
crystallographic texture and volume fractions of second phases. The ultimate tensile strength, yield strength, and elongation of the alloys were
greater than 310 MPa, 227 MPa, and 11%, respectively. The strain hardening ability of the alloys was also discussed.
& 2015 Chinese Materials Research Society. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Mg alloys are attractive structural materials for the manufac-
ture of electronic equipment, sports equipment, hand tools,
automobiles, and aerospace gear, among others. This extensive
application of Mg alloys is due to their light weight, high
speciﬁc strength, and high speciﬁc stiffness [1]. In particular,
Mg alloys containing rare-earth (RE) elements are believed to
have great potential in achieving high strength, good corrosion
resistance, and excellent creep resistance properties [2]. How-
ever, the exploitation and reﬁnement of RE elements pose
signiﬁcant effects on the environment [3]. Combining these
issues with limited RE resources, RE element prices are
particularly high [4]. Thus, the applications of Mg–RE alloys
are limited [5–8].
Mg–Sn-based alloys have attracted increasing interests given
their good creep resistance, ductility, and low temperature10.1016/j.pnsc.2015.08.007
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nder responsibility of Chinese Materials Research Society.superplastic properties [9–13]. The microstructure and mechan-
ical properties of binary as-extruded Mg–Sn alloys were
investigated by Cheng [14] and Chen [15], respectively. These
reports revealed that the strength of binary Mg–Sn alloys is not
effectively improved with Sn content above 5 wt%. Moreover,
alloying elements Al and Zn are receiving considerable interest
in the strength enhancement of Mg–Sn-based alloys [10,16].
Park [17] reported that the corrosion resistance of Mg–xSn–
5Al–1Zn alloys was improved by Sn addition. Speciﬁcally, the
AZ51þ5 wt% Sn alloy exhibited superior corrosion resistance
in the alloys.
To develop new RE-free Mg alloys, Mg–5Sn–1Zn-based
alloys with varying Al contents (1, 3, and 5 wt%) were prepared
by hot extrusion. The microstructure, texture, mechanical
properties, and strain hardening ability of the as-extruded alloys
were investigated in this work.2. Experiments
The alloys with composition of Mg–5Sn–1Zn–xAl (x¼1, 3,
and 5 in wt%), hereafter named as TAZ511, TAZ531, andbH. This is an open access article under the CC BY-NC-ND license
Fig. 1. OM images of the as-cast Mg–5Sn–1Zn–xAl (x¼1, 3 and 5) alloys, (a) TAZ511, (b) TAZ531 and (c) TAZ551, (d) SEM and EDS elemental mapping of as-
cast TAZ551 alloy.
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Al (99.90%), and Zn (99.80%) as raw materials, were melted
in a crucible resistance furnace and protected by a ﬂux addition
(45 wt% MgClþ37 wt% KClþ8 wt% NaClþ4 wt% CaFþ6
wt% BaCl). The melt was held at 740 1C for 10 min, and then
homogenized by mechanical stirring at 300 rpm. After mixing,
the melt was held at 740 1C for another 20 min, and then
poured into a permanent mold that was preheated to 300 1C to
obtain a casting.
The OM images of the as-cast alloys are illustrated in
Fig. 1a–c. The grain size was reﬁned by increasing the Al
content from 1 wt% to 5 wt%. The SEM images of the as-cast
Mg–5Sn–5Al–1Zn with phase identiﬁcation by EDS elemental
mapping is presented in Fig. 1d. The alloying elements Zn, Sn,
and Al were distributed uniformly in the Mg matrix. The Mg–
Al–Zn and Mg2Sn phases were located along the grain
boundaries and within the grains.
After casting, the alloys were homogenized at 420 1C for 24 h,
and then water-quenched to induce a supersaturated solid solution.
The SEM images of the homogenized alloys are illustrated in
Fig. 2. The grain size of the alloys relatively increased compared
with the corresponding as-cast alloys. In addition, the Mg–Al–Zn
and most of the Mg2Sn phases went into the solid solution; only
few Mg2Sn remained along the grain boundaries.
The ingots preheated at 300 1C for 1 h was extruded by a
XJ-500 Horizontal Extrusion Machine made in China at a
constant force. The extrusion ratio was 25:1 and the speed was
1 m/min. The tensile specimens with a 25 mm gage length anda 5 mm gage diameter were used for the tensile test. The
tensile properties were tested on SANSI UTM5000 at an initial
tensile strain rate of 1.0 102 s1.
X-ray diffraction (XRD) was carried out to test the phase
composition and texture of the as-extruded alloys by a Rigaku
D/MAX-2500PC diffractometer with Cu Kα. The samples for
XRD were taken from the as-extruded rods perpendicular to
the extrusion direction.
The samples were polished and then etched by a mixture of
1.5 g picric acidþ25 ml ethanolþ5 ml acetic acidþ10 ml
water. An optical microscope (OM), a scanning electron
microscope (SEM) (TESCAN VEGA2) equipped with an
INCA Energy 350 energy dispersive X-ray spectrometer
(EDS), and a transmission electron microscope (TEM, ZEISS
Libra 200 FE) with accelerating voltage of 200 kV were used
to analyze the microstructure.3. Results and discussions
3.1. Mechanical properties
The typical nominal stress–strain curves of the as-extruded
alloys at ambient temperature are presented in Fig. 3. The
ultimate tensile strengths, yield strengths, and elongations are
more than 310 MPa, 227 MPa, and 11%, respectively. These
properties are much higher than that of the as-extruded binary
Mg–Sn alloys and Mg–5Sn–xZn (x¼1, 2, and 4) alloys
Fig. 2. SEM images of the as-homogenized Mg–5Sn–1Zn–xAl (x¼1, 3 and 5) alloys, (a) TAZ511, (b) TAZ531 and (c) TAZ551.
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238 MPa to 227 MPa with increased Al content from 1 wt% to
3 wt%, and then increases to 254 MPa with Al content
reaching 5 wt%. Furthermore, the ultimate tensile strength of
the alloys increases, while the elongation decreases, with the
increase in Al content. The mechanical properties, including
ultimate tensile strength, yield strength, and elongation, of the
as-extruded alloys are summarized in Table 1.
3.2. Phase composition
The XRD patterns of the as-extruded alloys are illustrated in
Fig. 4. The alloys contain Mg and Mg2Sn phases. The Zn
phases are not observed in the XRD patterns, which may beattributed to relatively less amounts. Meanwhile, the Al phase
is also not observed, indicating that most of Al was solid
solution in the Mg matrix. The difference among the patterns is
attributed to the fact that the intensity of the Mg2Sn peaks
slightly increases with increased Al content. These results
preliminarily indicate that the volume fraction of Mg2Sn
increases with the increase in Al content. This ﬁnding can be
conﬁrmed by the Mg–Al–Sn phase diagram, the more Al
contained the less Sn in Mg matrix (Fig. 5).
3.3. Microstructure
The OM images of the as-extruded alloys parallel to the
extrusion direction are presented in Fig. 6. TAZ511 and
Table 1
Composition and mechanical properties of the Mg–5Sn–1Zn–xAl (x¼1, 3, 5)
alloys.
Samples Composition (wt%) UTS (MPa) YS (MPa) ε (%)
Sn Al Mg Zn















Fig. 4. XRD patterns of as-extruded Mg–5Sn–1Zn–xAl (x¼1, 3 and 5) alloys,
which taken from the as-extruded samples rod with reﬂecting surface
perpendicular to the extrusion direction.
Fig. 5. The isothermal section of Mg–Al–Sn at 300 1C.
Fig. 3. Tensile engineering stress–strain curves at room temperature for the as-
extruded Mg–5Sn–1Zn–xAl (x¼1, 3, 5) alloys.
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grain regions and ﬁne equaixed grains. The coarse-grained
regions, which are elongated parallel to the extrusion direction,
are regarded as un-recrystallized. The ﬁne equiaxial grains are
a consequence of dynamic recrystallization [18]. Furthermore,
the average equaixed grain size of TAZ511 and TAZ531
alloys are about 2.1 μm and 1.3 μm, respectively, as measured
by the standard linear intercept method. The coarse grain
region of TAZ531 is less and smaller than that of TAZ511
alloy. Moreover, TAZ551 alloy is fully recrystallized with anaverage grain size of 7.2 μm (Fig. 6c). Dynamic recrystalliza-
tion is promoted by increasing the Al content in Mg–Sn–Zn–
Al alloy. In this work, alloying elements Al and Sn are
enriched along the parent grain boundaries with increased Al
(Fig. 2). This phenomenon would result in more dislocations to
pile-up near the grain boundaries during extrusion processes;
more recrystallization nucleation cores then generate near the
grain boundaries [19]. Therefore, recrystallization is promoted
with the increase in Al content.
The experimental results indicated that Mg2Sn presented as
ﬁne particles and distributed along the extrusion direction, as
shown in Fig. 7. The volume fraction of the second phase
increased with increased Al content, which effectively
improves the yield strength of the alloy [20].
Moreover, based on the STEM image of the as-extruded
TAZ551 alloy in Fig. 7d, the ﬁne precipitates homogeneously
distributed within the grains and all the second-phases were
less than 1 μm. The average diameter of the spherical
precipitates was about 200 nm. The bright ﬁeld TEM image
taken from the zone axis of [0001] is shown in Fig. 7e. The
diffraction pattern from the rod-like precipitate can be indexed
as the Mg2Sn phase. The rod-like precipitates (Fig. 7e) are on
the basal plane of the Mg matrix (0 0 0 1) and about 250 nm in
length. Their growth direction is parallel to the 〈1120〉
directions [21].3.4. Strain hardening ability
The true-strain–stress curve was plotted using standard
formula, assuming a uniform cross-sectional area along the
gauged length, as shown in Fig. 8a. The strain hardening
exponent is given by the Hollomon equation σ¼Kεn, where n
is the strain hardening exponent, σ is the true stress, ε is the
Fig. 6. The OM images of the as-extruded alloys which taken from parallel to extrusion direction (a) TAZ511, (b) TAZ531 and (c) TAZ551.
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exponent was calculated through the true-strain–stress curves.
The values of n of the as-extruded TAZ511, TAZ531, and
TAZ551 alloys are 0.176, 0.229, and 0.236, respectively, at a
tensile strain rate of 1.0 102 s1. The hardening capacities
Hc¼ (σUTSσ0.2)/σ0.2 of the TAZ511, TAZ531, and TAZ551
alloys are 0.49, 0.69, and 0.59, respectively, where Hc is the
Hardening capacities, σUTS is the true ultimate tensile strength,
and σ0.2 is the true yield strength.
Furthermore, the nominal hardening rates Θ¼ (dσ/dε)/σ of
the alloys are calculated and plotted in Fig. 8b. The
hardening rates Θ decreases rapidly at the second deforma-
tion stage. The as-extruded TAZ511 alloy demonstrated
faster slope of stage III and lower θ compared with the
TAZ531 and TAZ551 alloys. The difference in the slope of
stage III is attributed to the density of the dislocations in the
alloys [22]. In the present work, increasing Al content may
effectively hinder and accommodate the dislocations.Meanwhile, a larger grain of the alloys can provide more
space for dislocation accumulation [23]. The grain size of
the as-extruded TAZ551 alloy is relatively larger than that
of the other alloys, as shown in Fig. 6. This ﬁnding indicates
that TAZ551 alloy generated a larger density of dislocation
during plastic deformation. As a result, the higher density of
dislocation in TAZ551 alloy is related to the slower slope of
the stage III.
3.5. Discussion
The grain size of TAZ531 is relatively smaller than that of
TAZ511 alloy as observed from the OM images of the as-
extruded alloys, as shown in Fig. 6. Related to the composition
of the alloys, TAZ531 is higher in Al than TAZ511 alloy. By
the law of the Hall–Petch relationship (σ¼σ0þkd1/2) and solid
solution strengthening [24], the yield strength of TAZ531
should be higher than that of the TAZ511 alloy. However, the
Fig. 7. SEM images of the as-extruded Mg–5Sn–1Zn–xAl (x¼1, 3 and 5) alloys, (a) TAZ511, (b) TAZ531 and (c) TAZ551, (d) STEM of TAZ551, (e) the bright
ﬁeld image of TAZ551 taken from the zone axis of [0001].
Fig. 8. (a) True strain–stress curves of the as-extruded Mg–5Sn–1Zn–xAl (x¼1, 3 and 5) alloys, (b) Normalized hardening rates Θ vs σσ0.2 of the as-extruded
alloys.
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TAZ531 alloys were 238 and 227 MPa, respectively. This
may be attributed to the textures of the alloys veriﬁed by XRD.
Fig. 9 illustrates the experimental pole ﬁgures of the as-
extruded rod samples with its reﬂecting surface perpendicular
to the extrusion direction. In all samples, the basal plane isparallel to the extrusion direction, and can be roughly
considered as having a ring ﬁber texture, which is a typical
image of the extruded Mg alloys. The intensity of the (0002)
texture in TAZ511 and TAZ531 alloys is similar (Fig. 9a and
b). However, the intensity of 1010
 
texture decreased
remarkably for the higher Al alloys. Park [25] reported that
Fig.9. Experimental pole ﬁgures of the as-extruded samples rod with its reﬂecting surface perpendicular to the extrusion direction. (a) TAZ511, (b) TAZ531 and
(c) TAZ551.
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1010
 
texture of AZ31. Thus, increasing the amount of
alloying element Al promotes the recrystallization, which
weaken the 1010
 
texture.Mg and its alloys exhibit a number of deformation modes,
i.e., basal slip, prismatic slip, and second pyramidal slip [26].
The crystal along the c-axis is difﬁcult to deform compared
with any other crystal axis. Thus, basal slip is considered as a
Fig.10. (a) The relationship between 1120
 
slip direction and 1010
 
plane, (b) the relationship of Schmid Factor on the angle between the tensile direction with
the cylinder.
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The Schmid Factor for basal slip can be expressed by
M¼cosθ  cosλ, where θ and λ are the angles between the
tensile direction and the normal direction of basal plane and
the angle between the tensile direction and 1120
 
slip
direction, respectively, and the Schmid Factor is denoted as
M. The orientation of the 1120
 
slip direction can be
equivalent to 1010
 
plane (Fig. 10a). Supposing that cosλ
is equal to n, the relationship of the Schmid Factor on the
angle between the tensile direction and the cylinder and is
shown in Fig. 10b. The result shows that the Schmid Factor
increases signiﬁcantly even with the angle slightly rotating,
thereby resulting in reducing the strength remarkably. There-
fore it may be concluded that the texture strengthening is the
main strengthening mechanism in low Al content alloy. Based
on results obtained above, the yield strength of TAZ511 is
relatively higher than that of TAZ531 alloy.
Furthermore, the XRD patterns and SEM images of the as-
extruded alloys show that the volume fraction of Mg2Sn in
TAZ551 alloy is much higher than that in the other alloys.
Although the mass of second-phase weaken the texture, it is
beneﬁcial to improve the mechanical properties. Combining
solution strengthening, the as-extruded TAZ551 alloy exhib-
ited the highest strength.
4. Conclusion
A new series of Mg–5Sn–1Zn–xAl alloy (x¼1, 3, and 5)
was prepared by casting, followed by extrusion. The major
conclusions are summarized below.1. With increased Al content, the yield strength of the as-
extruded Mg–5Sn–1Zn–xAl (x¼1, 3, and 5) alloys ﬁrst
decreased with increasing Al content and then increased when
Al reached 5 wt%. The as-extruded TAZ551 alloy exhibited
the highest yield strength and ultimate tensile strength of 254
and 353 MPa, respectively, with elongation of 11%. 2. The 1010 texture of the alloys weakened with the
increase of Al content from 1 wt% to 3 wt%, which leads
to strength reduction. With increased Al content from 3 wt
% to 5 wt%, large amounts of second phases generated
correspondingly and contributed to the enhancement of the
strength.3. The values of strain exponent n of the TAZ511, TAZ531,
and TAZ551 alloys are 0.176, 0.229, and 0.236, respec-
tively. The hardening capacities of the TAZ511, TAZ531,
and TAZ551 alloy are 0.49, 0.69, and 0.59, respectively.
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